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Chronic virus infection leads to the functional impairment of 
dendritic cells (DCs) as well as T cells, limiting the clinical 
usefulness of DC-based therapeutic vaccine against chronic 
virus infection. Meanwhile, B cells have been known to main- 
tain the ability to differentiate plasma cells producing anti- 
bodies even during chronic virus infection. Previously, 
ff-galactosylceramide (^GC) and cognate peptide-loaded B 
cells were comparable to DCs in priming peptide-specific 
CD8 + T cells as antigen presenting cells (APCs). Here, we 
investigated whether B cells activated by aGC can improve 
virus-specific T cell immune responses instead of DCs during 
chronic virus infection. We found that comparable to B cells 
isolated from naive mice, chronic B cells isolated from chroni- 
cally infected mice with lymphocytic choriomeningitis virus 
(LCMV) clone 13 (CL13) after ffGC-loading could activate 
CD1 d-restricted invariant natural killer T O'NKT) cells to pro- 
duce effector cytokines and upregulate co-stimulatory mole- 
cules in both naive and chronically infected mice. Similar to 
naive B cells, chronic B cells efficiently primed LCMV glyco- 
protein (GP) 33-41 -specific P1 4 CD8 + T cells in vivo, there- 
by allowing the proliferation of functional CD8 + T cells. 
Importantly, when aGC and cognate epitope-loaded chronic 
B cells were transferred into chronically infected mice, the 
mice showed a significant increase in the population of epit- 
ope-specific CD8 T cells and the accelerated control of 
viremia. Therefore, our studies demonstrate that reciprocal 
activation between aGC-loaded chronic B cells and /NKT 
cells can strengthen virus-specific T cell immune responses, 



providing an effective regimen of autologous B cell-based 
therapeutic vaccine to treat chronic virus infection. 
[Immune Network 201 4;1 4(4):207-21 8] 
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INTRODUCTION 

Lymphocytic choriomeningitis virus (LCMV) is usually used to 
study the relationship between viais infection and immune 
responses in the mice. When the mice are infected with 
LCMV clone 13 (CL13), one of the LCMV clones, the viruses 
are detected in the serum, spleen, and liver for more than 
a month and persist in the kidney and brain for more than 
3 months (1). It has been well known that T cells exposed 
to persisting antigens differentiate into exhausted T cells rath- 
er than memory T cells (2-4), displaying a limited production 
of cytokines such as IFN-/, TNF-ff, and IL-2 as well as a 
upregulation of inhibitory receptors such as programmed 
death-1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4) 
on the cell surface (1-4). Interestingly, the generation of ex- 
hausted T cells also seems to be associated with functional 
impairment of dendritic cells (DCs), because during chronic 
virus infection DCs are known to limit the expression of ma- 
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jor histocompatibility complex (MHC) and co-stimulatory mol- 
ecules (3,5,6). When compared to the study of impaired func- 
tion of DC during chronic virus infection, phenotype and 
function of B cells during chronic virus infection have not 
been fully understood. However, recent study has demon- 
strated that chronic viais infection redirected CD4 + T cell dif- 
ferentiation toward follicular helper T (Tfh) cells with the 
function of helping B cells, thereby sustaining virus-specific 
B cell responses (7). This observation suggests that B cells 
probably are intact during chronic virus infection, leaving room 
for the possibility of chronic B cells to become antigen present- 
ing cells (APCs) when they are appropriately activated. 

DC therapy as one of the useful ways in enhancing T cell 
responses has been applied for decades to treat cancer be- 
cause DCs are the most specialized antigen presenting cells 
(APCs), which capture antigens, transport these antigens to 
lymphoid organs, and present them to T cells to improve im- 
mune responses (8). However, early DC therapy associated 
with the clinical trials has left tasks in terms of the stand- 
ardization and quality control of technique such as evaluation 
of DC subsets, the optimal dose and frequency, route of ad- 
ministration and the optimal conditioning. Furthermore, there 
are still several problems in the efficient generation of DCs 
due to very few numbers of DCs in blood and lymphoid tis- 
sues, constraints of time and money for proliferation and dif- 
ferentiation ex vivo from blood monocytes, and immune at- 
tenuation of differentiated DCs (9-11). 

It has been suggested that B cells have possibility to be 
applied as cell-based vaccine due to the ample quantity of 
B cells in the blood. In spite of relative abundance from 
blood and lymphoid tissues in comparison with DCs, B cells 
have been considered to be insufficient when introducing cell 
therapy due to low immune activity by derived from the defi- 
ciency of co-stimulatory molecules (11-14). However, when 
CD40 agonist was used as adjuvant, B cells could achieve im- 
munogenicity and induce functional T cell responses in viral 
and tumor environment (15,16), suggesting that the possibility 
of B cells as alternative APCs in cell-based therapeutic 
intervention. 

Most of CD ld-restricted invariant natural killer T (/NKT) 
cells that express invariant T cell receptor (TCR) ff-chain (V 
ffl4-Jffl8 and Vff24-Jffl8 in mice and humans, respectively) 
play a critical role in activation of B cells. /NKT cells repre- 
sent unique T lymphocytes that co-express invariant TCR and 
NK cell marker, NK1.1, on their cell surface (17-20). To in- 
duce immunogenic B cells, ff-galactosylceramide (aGC) 



known as a synthetic glycolipid has been used in many stud- 
ies (21-23). Injection of <2GC can activate T cells and NK cells 
and also develop the cellular immunity including innate im- 
munity and CTLs responses (24,25). aGC has been known 
to combine with MHC class I-mediated CDld expressed on 
surface of APCs, such as DCs and B cells, and then form 
CDld-glycolipid complexes. These complexes are recognized 
by invariant TCR of i'NKT cells (26). Interestingly, Chung et 
al. showed that /NKT cells are activated by ffGC-loaded B 
cells and produce the effector cytokines such as IFN-7 and 
TNF- a. Subsequently, ffGC-loaded B cells by activated /'NKT 
cells were shown to up-regulate co-stimulatory molecules 
(CD40/86) and MHC class II in vivo (21). Moreover, B cells 
pulsed with ovalbumin (OVA) plus aGC could effectively in- 
duce the activation and proliferation of OVA-specific CD8 + 
T cells. As a results, it has been reported that interactions 
between aGC-loaded B cells and /NKT cells were able to 
inhibit and prevent cancer development (21,23,26). 

In this study, we tested whether epitope-pulsed B cells iso- 
lated from chronically infected mice as well as naive mice, 
when combined with aGC, can enhance antigen-specific 
CD8 T cell responses in chronically infected mice and also 
contribute to the reduction of viremia. Such B cell therapeutic 
vaccine induced the expansion of virus-specific CD8 + T cells 
producing effector cytokine and lysosomal-associated mem- 
brane protein-1 (LAMP-1 or CD107a) and accelerated the con- 
trol of viremia, suggesting a possibility of autologous B 
cell-based therapeutic vaccine to treat chronic virus infection. 

MATERIALS AND METHODS 
Mice and infection 

5-week-old female mice (C57BL/6J) were purchased from 
Charles River Laboratories. P14 Thyl.l + transgenic mouse 
were provided from Rafi Ahmed (Emory Vaccine Center, 
USA). Ly5.1 + congenic mice were provided from Dr. 
Myung-Ho Jang (POSTECH, Korea). All mice were main- 
tained in a specific pathogen-free facility of the Yonsei 
Laboratory Animal Research Center (YLARC) of Yonsei 
University. All animal experiments were conducted in accord- 
ance with the International Animal Care and Use Committee 
(IACUC). For generation of chronic virus infection, C57BL/6J 
naive mice were infected via intravenous (i.v.) injection with 
2X10 6 plaque-forming units (PFU) of LCMV CL13. In some 
experiments, CD4 + T cells were depleted via intraperitoneal 
(i.p.) injection with 250 ng of mouse anti-CD4 antibody 
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(GK1.5) one day early before infection of LCMV CL13. LCMV 
titers were determined by plaque assays, as described pre- 
viously (27). 

Cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated by 
gradient centrifugation over Histopaque-1077 (density: 1,077 
g/ml, Sigma-Aldrich) at 2,000 rpm for 20 min at 25°C. 
Lymphocytes were isolated from the spleens as previously de- 
scribed (28). The lungs were perfused with ice-cold phos- 
phate-buffered saline (PBS) before removal for lymphocyte 
isolation. Lymphocytes from the lungs were isolated by using 
Percoll solution (Sigma-Aldrich) as previously described (27). 
B cells were separated from the spleen of naive or LCMV 
CL13-infected mice using magnetic bead labeled with an- 
ti-CD19 antibody (Miltenyi Biotec). Purified B cells are >95% 
CD19 positive. 

Antibodies and flow cytometry 

Flow cytometry was performed using FACS CANTO II (BD 
Biosciences). LCMV epitope-specific CD8 + T cells were de- 
tected by D b GP 33 .4i tetramer. Fluorescence-conjugated mono- 
clonal antibodies were purchased from BD Biosciences, 
eBioscience, or Biolegend. To detect /NKT cells that express 
invariant TCR chain (Val4-]al8) in mice, /NKT cells were 
stained with CD Id tetramer, which was provided by NIH tet- 
ramer core facility, anti-TCR-/? (H57-597), and anti-CD4 
(RM4-5). For phenotypic analysis of donor B cells, spleno- 
cytes were stained with anti-CD19 (1D3), anti-CD40 (3/23), 
anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD274 (MIH50), 
anti-CD273 (TY25), anti-CD80 (16-10A1), anti-CD86 (GL1), 
and anti-MHC class II (M5/114.15.2). Anti-Hamster IgG 
(229Arm), anti-Rat IgG2a (R35-95), anti-Rat IgG2b (A95-1), 
anti-Rat IgGl (RTK2071), or anti-Mouse IgGl (RTK2071) were 
used as isotype controls. For the measurement of T cell pro- 
liferation and activation, splenocytes were stained with an- 
ti-CD8 (53-6.7), anti-CD44 (IM7), anti-CD90.1 (OX-1), an- 
ti-CD107a (1D4B), anti-CD4 (RM4-5), anti-CD127 (A7R34), an- 
ti-CD62L (MEL-14), and anti-CD279 (29F.1A12). All the flow 
cytometry data was analyzed using the Flowjo software (Tree 
Star). 

Intracellular cytokine staining 

For detection of intracellular cytokines in T cells, lymphocytes 
isolated from the spleen and lung were stimulated in vitro 
with peptides including GP 33.41 and GP276-286 (0.2/^ g/ml) in 



the presence of golgi-stop, golgi-plug, and anti-CD107a 
(1D4B) (BD Biosciences) for 5 h. Stimulated lymphocytes 
were permeabilized with Cytofix/Cytoperm (BD biosciences) 
and then stained with the following monoclonal antibodies 
(BD Biosciences): anti-IFN-r (XMG1.2), anti-TNF-ff (MP6- 
XT22), and anti-IL-2 (JES6-5H4). 

Loading of «GC and peptide on B cells 

ffGC were provided by Chang- Yuil Kang's laboratory (Seoul 
University). Purified B cells were co-cultured with ffGC (1 
/ig/ml) for 18~20 h and then pulsed with GP 33.41 peptide 
(1 //g/ml) for 2 h in complete RPMI1640 medium. As a con- 
trol group, vehicle (0.5% polysorbate) was used instead of 
aGC. 

in vivo proliferation assay 

LCMV GP 33 -4i-specific P14 CD8 + T cells were isolated from 
P14 transgenic mice using CD8 + isolation kit (Miltenyi 
Biotec). Purified P14 CD8 + T cells were labeled with 
CellTrace™ Violet (CTV) proliferation kit at concentration of 
5liM (Invitrogen). Labeled P14 CD8 + T cells (lxlO 7 cells) 
were adoptively transferred into naive mice. 

Statistical analysis 

Statistical analysis was performed using two-tailed unpaired 
Student's t tests using the Prism 5.0 software (GraphPad). 

RESULTS 

In vivo reciprocal activation of /NKT cells and aGC- 
loaded chronic B cells 

Cross activation between ffGC-loaded B cells and /'NKT cells 
after transferring ffGC-loaded B cells in vivo was previously 
demonstrated (23). We examined whether /NKT cells were 
efficiently activated by adoptively transferring ffGC-loaded B 
cell isolated from chronically infected mice as well as from 
naive mice. LCMV CL13 infection into mice was proven to 
induce chronic viral infection but the virus titer in serum sub- 
stantially decreases after a month (1). In comparison, when 
CD4 + T cells are depleted prior to infection with LCMV CL13, 
the serum virus has been known to persist throughout life. 
In the current study, we isolated chronic B cells from a 
long-term chronic infection model, which were generated af- 
ter CD4 + T cell depletion, subsequent LCMV CL13 infection, 
and maintenance for more than 90 d post-infection (p.i.). B 
cells from a long-term chronic infection model (chronic B 
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Figure 1. Comparison of ffGC-loaded naive or chronic B cells for bidirectional activation of /NKT and B cells in naive mice, naive and chronic 
B cells were isolated from splenocytes of naive mice and chronically infected mice that were initially depleted of CD4 + T cells and subsequently 
infected with LCMV CL13 (over 90 d p.i.), respectively. (A) Schedule for ffGC-loading onto B cells and generation of in vivo activated /NKT 
cells and B cells. Naive and chronic B cells isolated from Ly5.1 + naive and chronically infected mice were cultured with vehicle (veh) or aGC 
in vitro for 18~20 h. 2x10 6 cells of aGC-loaded B cells were adoptively transferred into Ly5.2 + congenic naive mice. The recipient mice 
were sacrificed 6 and 24 h after adoptive transfer of B cells for analysis of the activation of /NKT cells and donor B cells, respectively. (B) 
In vivo activation of /NKT cells by ffGC-loaded naive and chronic B cells in naive mice. Frequency of /NKT cells among CD4 + T cells was 
examined by staining with CD1d tetramer (tet) and TCR-/J (CD1d tet + TCR-^' nter ) and their function was evaluated by intracellular staining of 
IFN- 7 and TNF-a. The number in the plot indicates the percent of corresponding population. (C) In vivo activation of donor aGC-loaded B 
cells by activated /'NKT cells in naive mice. Ly5.1 + CD19 + donor B cells were gated and analyzed for the expression of surface molecules. 
The number in histogram plot represents mean fluorescence intensity (MFI) of the expressed protein. The vertical grey line in histogram plot 
indicate a geometric mean level of the protein expressed on naive B cells loaded with vehicle. Results are representative of at least three 
independent experiments. 



cells) as well as B cells from naive mice (naive B cells) were 
cultured with ffGC. After loading vehicle (veh)- or aGC- 
loaded naive and chronic B cells, the cells were adoptively 
transferred into naive congenic recipient (Fig. 1A). We first 
measured frequency of /'NKT cells and their cytokine pro- 
duction in recipient mice to confirm the activation of /'NKT 
cells by ffGC-loaded B cells. Although the frequency of /NKT 
cells that were gated on CD4 + CDld-tetramer + TCR/? mter was 
similar among groups, the production of effector cytokines 
(IFN- T and TNF- a) from /'NKT cells was significantly induced 
by adoptively transferring ffGC-loaded B cells (Fig. IB). 
More interestingly, comparable to ffGC-loaded naive B cells, 



ffGC-loaded chronic B cells led to the production of IFN- 7 
and TNF-ff from iNKT cells (Fig. IB), indicating that chronic 
B cells as well as naive B cells when loaded with aGC can 
efficiently activate iNKT cells in vivo. 

We next determined whether ffGC-loaded chronic B cells 
compared to nai've B cells can be reciprocally by the /'NKT 
cells. Consistent with the previous reports (23), CD80, CD86, 
and MHC class II were upregulated on donor B cells within 
24 h after injection of ffGC-loaded B cells compared to 
veh-loaded B cells (Fig. 1C). In addition, MHC class I and 
PD-L1 were found to be upregulated after injection of ffGC- 
loaded B cells compared to veh-loaded B cells. Of interest, 



210 



IMMUNE NETWORK Vol. 14, No. 4: 207-218, August, 2014 



B Cell-based Therapy to Treat Chronic Virus Infection 
Min Ki Kim, et al. 



the induction level of co-stimulatory (CD80 and CD86), co-in- 
hibitory (PD-L1), and MHC class I/II molecules were com- 
parable between ffGC-loaded donor naive and chronic B 
cells (Fig. 1C). Since it has been already reported that /'NKT 
cells activated by ffGC-loaded naive B cells contributed to 
the activation of ffGC-loaded naive B cells (21), the activa- 
tion of ffGC-loaded chronic B cells might be mediated by 
/'NKT cells. This result demonstrate that chronic B cells as 
well as naive B cells can be activated in vivo by loading 
ffGC. 



Activation of aGC-loaded chronic B cells in chronic- 
ally infected mice 

Since the ultimate goal of therapeutic vaccination using autol- 
ogous B cells is to treat chronic virus infection, it was re- 
quired to test whether adoptive transfer of ffGC-loaded 
chronic B cells can activate /'NKT cells and be reciprocally 
activated by /'NKT cells even in chronically infected mice. 
Very similar to Fig. 1A, we loaded aGC onto naive and 
chronic B cells. These orGC-loaded B cells into chronically 
infected mice (over 90 d p.i.), which were initially depleted 
for CD4 + T cells and infected with LCMV CL13, instead of 
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Figure 2. Comparison of aGC-loaded naive or chronic B cells for bidirectional activation of /'NKT and B cells in chronically infected mice. 
Naive and chronic B cells were isolated from splenocytes of naive mice and chronically infected mice that were initially depleted of CD4 + 
T cells and subsequently infected with LCMV CL13 (over 90 d p.i.), respectively. (A) Schedule for cGC-loading onto B cells and generation 
of in vivo activated /'NKT cells and B cells. Naive and chronic B cells isolated from Ly5.1 + naive and chronically infected mice were cultured 
with veh or aGC in vitro for 18~20 h. 2x10 6 cells of ffGC-loaded B cells were adoptively transferred into Ly5.2 + congenic mice that were 
already infected with LCMV CL13 (over 90 d p.i.). The recipient mice were sacrificed 6 and 24 h after adoptive transfer of B cells for analysis 
of the activation of /'NKT cells and donor B cells, respectively. (B) In vivo activation of /'NKT cells by aGC-loaded naive and chronic B cells 
in chronically infected mice. Frequency of /'NKT cells among CD4 + T cells was examined by staining with CD1d tet and JCR-0 (CD1d tet + 
TCR-/? inter ) and their function was evaluated by intracellular staining of IFN-7 and TNF-ff. The number in the plot indicates the percent of 
corresponding population. (Q In vivo activation of donor aGC-loaded B cells by activated /'NKT cells in chronically infected mice. Ly5.1 + CD19 + 
donor B cells were gated and analyzed for the expression of surface molecules. The number in histogram plot represents mean fluorescence 
intensity (MFI) of the expressed protein. The vertical grey line in histogram plot indicate a geometric mean level of the protein expressed on 
naive B cells loaded with vehicle. Results are representative of at least three independent experiments. 
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naive mice (Fig. 2A). Frequency of /'NKT cells was relatively 
low after transfer of cGC-loaded naive and chronic B cells 
into chronically infected recipient mice compared to that of 
the B cells into na'ive recipient mice (Fig. 2B). However, the 
ability of cGC-loaded nai've and chronic B cells to activate 
/'NKT cells was still competent even in chronically infected 
mice (Fig. 2B). As well, the /NKT cells-mediated reciprocal 
activation of the B cells was also well observed in chronically 
infected recipient similar to na'ive recipient mice (Fig. 2C 



compared to Fig. 1C). This result demonstrates that aGC- 
loaded chronic B cells can activate /'NKT cells and be recip- 
rocally activated by /NKT cells in chronically infected recipi- 
ent similar to naive recipient. 

Efficient priming of antigen-specific CD8 + T cells by 
aGC-loaded chronic B cells 

To investigate the capability of ffGC-loaded chronic B cells 
to prime antigen-specific T cells in vivo, we examined the 
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Figure 3. In vivo priming of antigen-specific CD8 + T cells by aGC and epitope-loaded nai've and chronic B cells. Nai've and chronic B cells 
were isolated from splenocytes of nai've mice and chronically infected mice that were initially depleted of CD4 + T cells and subsequently infected 
with LCMV CL13 (over 90 d p.i.), respectively. Naive P14 CD8 + T cells were purified from splenocytes of nai've P14 mice. (A) Schedule for 
analysis for in vivo activity of ffGC and peptide-loaded nai've and chronic B cells to prime antigen-specific CD8 + T cells. 5x10 6 of CellTrace™ 
Violet (CTV)-labeled P14 Thy1.1 + CD8 + T cells were adoptively transferred into Thy1.2 + congenic nai've mice. After 24 h, the mice were given 
with 1 x10 6 of nai've or chronic B cells loaded with veh, aGC, veh plus GP33-41 peptide (GP33), or aGC plus GP33. The recipient mice were 
sacrificed 48 h after adoptive transfer of B cells for analysis of donor P14 cells. (B and C) Proliferation (1 st row) and cytokine production (2 n 
to 4 th row) of P14 cells primed with cGC plus GP33-loaded nai've (B) and chronic B cells (C). Donor Thy1.1 + CD8 T cells in the spleen 
were gated and examined for CTV dilution along with cytokine production. Division time and frequency of dividing cell population are indicated 
in histogram plot. The number as shown in each quadrant of the plot represents percentage of the corresponding cell population. Results are 
representative of at least three independent experiments. 
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proliferation and function of LCMV epitope-specific CDS T 
cells after injection of aGC and LCMV epitope-loaded chronic 
B cells. P14 Thyl.l + cells, which are CD8 + T cells expressing 
transgenic T cell receptor (TCR) specific to Derestricted 
LCMV GP33.41 epitope, were labeled with CTV and transferred 
into naive congenic mice. After 24 h, ffGC-loaded and GP33.41 
peptide (GP33)-pulsed naive or chronic B cells were injected 
into the recipient mice that were already transferred with P14 
cells (Fig. 3A). Compared to naive B cells loaded with veh 
or aGC, GP33-pulsed B cells showed a substantial pro- 
liferation of P14 cells (Fig. 3B). A portion of proliferating P14 
cells produced effector cytokines such as TNF-ff, IFN-7, and 
IL-2 after in vitro restimulation with cognate peptide. In con- 



trast, naive B cells loaded with aGC and GP33 induced faster 
proliferation and better production of effector cytokines from 
proliferating P14 cells than cognate peptide only-pulsed naive 
B cells without aGC (Fig. 3B). Similar to naive B cells loaded 
with ffGC and GP33, chronic B cells loaded with ffGC and 
GP33 also led to a prominent proliferation of P14 cells and 
their production of effector cytokines (Fig. 3C) compared to 
cognate peptide only-pulsed chronic B cells. These results in- 
dicate that proliferation of epitope-specific CD8 + T cells and 
their cytokine production can be enhanced by the loading of 
ffGC onto epitope-loaded chronic B cells as well as naive 
B cells. 
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Figure 4. Effect of therapeutic vaccination with «GC and epitope-loaded naive B cells on T cell responses and virus control during chronic 
virus infection. LCMV CL13-infected mice were vaccinated with 1 x10 7 of veh, aGC, veh plus GP33, or ffGC plus GP33-loaded naive B cells 
at 25 d p.i. (A) Frequency of D b GP33-4i tet-positive cells among CD8 + T cells in the chronically infected mice after therapeutic vaccination 
with B cells. At 0, 7, and 14 d post-vaccination (25, 32, and 39 d p.i.), CD8 + T cells in the blood were gated and evaluated for the expansion 
of D b GP33-4i tet + cells. (B) Fold-increase of D b GP33-4i tetramer specific CD8 + T cells in PBMCs between 0 and 7 d post-vaccination. (C) Change 
of virus titer in the blood post-vaccination. Serum virus titer was determined from individual mice before (17 d p.i.) and after therapeutic 
vaccination with B cells (39 d p.i.). Vertical line in the graph indicates time point when therapeutic vaccination was performed. (D) Reduction 
of serum virus titer after B cell therapeutic vaccination. Fold-decrease of serum virus titer was calculated by serum virus titer before therapeutic 
vaccination (17 d p.i.) divided by that after therapeutic vaccination with B cells (39 d p.i.). Results are representative of two independent 
experiments. n=4 mice per group in each experiment, ns, not significant; *p<0.05; **p<0.01. 
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Enhanced therapeutic efficacy of naive epitope- 
pulsed B cells by aGC loading during chronic virus 
infection 

We next determined whether naive B cells loaded with ffGC 
and epitope can contribute to the control of viremia and the 
induction of antigen-specific CD8 + T cell responses during 
chronic viral infection. Twenty five days p.i. with LCMV 
CL13, when viral loads were between 10 3 and 10 4 PFU/ml 
of serum, the mice were therapeutically vaccinated with naive 
B cells unloaded or loaded with ffGC, GP33, or ffGC plus 
GP33. This experimental setting allowed us to follow LCMV 
GP33-specific CDS T cell responses to the therapeutic B cell 
vaccine. We longitudinally monitored whether na'ive B cells 
loaded with ffGC plus GP33 can lead to the expansion of 
the GP33-specific CD8 + T cells in the blood of chronically 
infected mice. Loading of ffGC alone on na'ive B cells did 
not affect the frequency of GP33-specific CD8 + T cells, in- 
dicating that epitope loading onto ffGC-activated B cells is 
essential to prime epitope-specific CD8 + T cells (Fig. 4A). 
Vaccination with na'ive B cells loaded with ffGC and GP33 
showed a significant increase in the population of D b GP33- 
specific CD8 + T cells at 7 d post- vaccination compared to 
that with na'ive B cells loaded with veh plus GP33, indicating 



in vivo effect of ffGC-loading onto B cells (Fig. 4A). We 
compared fold-increase of the number of D b GP33-specific 
CD8 + T cells between 0 and 7 d post- vaccination, which 
showed that na'ive B cells loaded with ffGC and epitope in- 
creased the number of D b GP33-specific CD8 + T cells in max- 
imum two-fold compared with any other groups (Fig. 4B). 
Mice receiving na'ive B cells loaded with ffGC and epitope 
showed accelerated decrease of virus from the blood com- 
pared to veh plus GP33 as well as veh or ffGC alone 
post-vaccination (Fig. 4C). The reduction of viremia in the 
group vaccinated with ffGC and epitope-loaded na'ive B cells 
was the most significantly observed (p<0.01 compared to 
veh-loaded group) and better than that in the group vacci- 
nated with epitope alone-loaded na'ive B cells even though 
the difference was not significant (Fig. 4D). These results 
demonstrate that ffGC loading enhanced the ability of B cells 
as APCs to prime epitope-specific CD8 + T cells and promoted 
the control of persisting virus during chronic infection. 

To examine whether B cell therapeutic vaccination can in- 
duce LCMV-speciflc CD8 + T cell responses in tissues, we ana- 
lyzed the frequency of population of D b GP33-specific CD8 + 
T cells in the spleen and lung at 2 wk post-vaccination. A 
significant increase of D b GP33-specific CD8 + T cells was ob- 




Figure 5. Expansion of epitope-specific CD8 + T cells and their effector function after therapeutic vaccination with ffGC and epitope-loaded 
naive B cells. LCMV CL13-infected mice were vaccinated with 1 x10 7 of veh, aGC^ veh plus GP33, or ffGC plus + GP33-loaded naive B cells 
at 25 d p.i. and sacrificed at 39 d p.i. (14 d post-vaccination). (A) Frequency of D GP33-41 tet + cells among CD8 + T cells in the spleen. (B) 
Total number of D b GP 33 _4, tet + cells in the spleen and lung. (C) IFN-r and CD107a expression in CD8 + T cells in the spleen after in vitro 
stimulation with GP33-41 or GP27M86 peptide. (D) Proportion of CD8 + T cells producing IFN-r and CD107a in the spleen after peptide stimulation. 
Number in the plot indicates percentage of the corresponding cells. Results are representative of two independent experiments. n = 3 mice per 
group in each experiment, ns, not significant; *p<0.05; ***p<0.001. 
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served in the group of B cells loaded with aGC and epitope 
compared with the group of veh-loaded B cells in the spleen 
(Fig. 5A). Also, in the lung as non-lymphoid tissue, we also 
observed a significantly higher frequency of D b GP33-specific 
CD8 + T cells in the group of ffGC and epitope-loaded B cells 
than that in the other groups (Fig. 5B). To determine whether 
the virus-specific CD8 + T cells expanded after B cell vacci- 
nation sustain the cytolytic activity and produce the effector 
cytokine, we measured expression of CD107a, as a marker 
of degranulation, along with IFN-7. Co-expression of IFN-7 
and CD107a in CD8 + T cells after restimulation of GP276 
peptide as well as GP33 peptide was the most significantly 
promoted after vaccination by B cells loaded with ffGC and 
GP33 than that of other B cells (Fig. 5C and 5D; p<0.05 
in GP33 response and p< 0.001 in GP276 response compared 



to vaccination by veh-loaded B cells). It was worthwhile to 
note that CD8 + T cell response to GP276, which was not 
pulsed in B cells, was also enhanced after vaccination by 
aGC and GP33-loaded B cells. This suggests that B cells acti- 
vated by ffGC also induced endogenous LCMV-specific CD8 + 
T cells by presenting intrinsic antigen efficiently on ffGC-acti- 
vated B cells in vivo. 

Therapeutic vaccination with chronic B cells loaded 
with aGC and epitope for chronically infected mice 

Through the previous experiment, we found that epit- 
ope-pulsed naive B cells when activated appropriately with 
aGC could prime efficiently epitope-specific CD8 + T cells, 
leading to the reduction of viremia. To be useful for the treat- 
ment of persisting viremia, autologous B cells isolated from 
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Figure 6. Therapeutic efficacy of aGC and epitope-loaded chronic B cells during chronic virus infection. Four different groups of B cells were 
purified from LCMV CL1 3-infected mice (25 d p.i.) and treated with veh plus GP33 or aGC plus GP33. LCMV CL13-infected mice were vaccinated 
at 25 d p.i. with 1 x10 7 of each group of B cells as therapeutic vaccine and sacrificed at 39 d p.i. (14 d post-vaccination). (A) Fold-increase 
of D b GP 3 3-4i tetramer specific CD8 + T cells in PBMCs between 0 and 7 d post-vaccination (between 25 and 32 d p.i.),. (B) Reduction of serum 
virus titer after B cell therapeutic vaccination. Fold-decrease of serum virus titer was calculated by serum virus titer before therapeutic vaccination 
(17 d p.i.) divided by that after therapeutic vaccination with B cells (39 d p.i.). (C) Frequency of D b GP 3 3-4i tet + cells among CD8 + T cells 
in the spleen. (D) Total number of D b GP 33 . 41 tet + cells in the spleen. (E) IFN-r and CD107a expression in CD8 + T cells in the spleen after 
in vitro stimulation with GP33-41 or GP276-286 peptide. (F) Proportion of CD8 + T cells producing IFN-r and CD107a in the spleen after peptide 
stimulation. Number in the plot indicates percentage of the corresponding cells. Results are representative of two independent experiments. n = 3 
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the same host that actually undergo chronic virus infection 
would be beneficial to prime epitope-specific CD8 + T cells 
due to MHC class I restriction to the corresponding epitope. 
Therefore, we explored to test whether the use of chronic 
B cells isolated from infection-matched mice can be applied 
into chronically infected mice as therapeutic B cell vaccine. 
B cells were purified from the mice chronically infected with 
LCMV CL13 (25 d p.i.), loaded with either veh plus GP33 
or ffGC plus GP33, and transferred into LCMV CL13 in- 
fection-matched recipient mice. After vaccination, the fre- 
quency of D b GP33-specific CD8 + T cells in the blood sig- 
nificantly increased by chronic B cells loaded with ffGC and 
GP33 compared with those without ffGC at 7 d after vacci- 
nation (Fig. 6A; p<0.05). In addition, the reduction of vir- 
emia was also clearly observed in the mice given the ffGC 
and GP33-loaded chronic B cells at 14 d post-vaccination 
(Fig. 6B; p<0.05). Frequency of D h GP33-specific CD8 + T 
cells in the spleen was slightly higher in vaccination with 
ffGC and GP33-loaded chronic B cells than in that with GP33 
only-loaded chronic B cells (Fig. 6C) and the absolute num- 
bers of D b GP33-specific CD8 + T cells in the spleen was also 
slightly higher even if the difference was not significant stat- 
istically (Fig. 6D; p=0.093). Of note, the frequency of func- 
tional CD8 + T cells (IFN-7 + CD107a + cells) responsive to 
GP33 or GP276 was higher in the mice given ffGC and 
GP33-loaded chronic B cells than in those given GP33 on- 
ly-loaded chronic B cells (Fig. 6E and 6F; p=0.054 for GP33 
response and p=0.053 for GP276 response). It is also worth- 
while to note that the percentage of dual producers for IFN- 7 
and CD107a among CD107a-expressing CD8 T cells was 
higher in the group with ffGC and GP33-loaded chronic B 
cells than in that with GP33 only-loaded chronic B cells (Fig. 
6E). This observation suggests that ffGC loading onto chronic 
B cells not only increase the number of epitope-specific CD8 + 
T cells but also improve their function per cell base. Taken 
together, these data firmly demonstrate that chronic B cells 
isolated from even chronically infected mice can be used as 
APCs to efficiently prime epitope-specific CD8 + T cells when 
they are optimally activated with ffGC. 

DISCUSSION 

In this study, we focused on the possibility of ffGC-activated 
autologous B cells as therapeutic B cell vaccine to treat chron- 
ic virus infection. We showed that B cells isolated from 
chronically infected mice could efficiently activate /'NKT cells 



by ffGC loading and reciprocally be activated by /'NKT cells 
in chronically infected mice. Furthermore, the activated 
chronic B cells when pulsed with cognate epitope were able 
to fully activate epitope-specific CD8 + T cells. As therapeutic 
vaccination, ffGC-loaded chronic B cells successfully en- 
hanced antigen-specific CD8 + T cells and their function, re- 
sulting in accelerated control of viremia during chronic viral 
infection. These findings suggest that B cell-based cellular 
vaccine would provide a promising therapeutics in the control 
of persisting viruses. 

Most dendritic cells (DC) based-vaccines have been clin- 
ically studied for treating cancer (9). However, DC ther- 
apeutic vaccination has not been applied to the treatment of 
chronic virus infection. It is probably caused that chronically 
infected DCs reinforced T cell exhaustion or tolerance rather 
than activation through interaction between inhibitory ligands 
such as PD-L1 and inhibitory receptors such as PD-1 (5). In 
addition, DCs during chronic virus infection were known to 
downregulate the expression of MHC and co-stimulatory mol- 
ecules (3,5,6). To summarize, DC-based therapeutic vacci- 
nation is probably imperfect due to molecules inducing im- 
munosuppression or immunological tolerance. 

In this regard, we tested the usefulness of B cells instead 
of DCs as APCs to enhance CD8 + T cell responses during 
chronic virus infection. Through the previous studies, ffGC- 
loaded B cells have been known to activate /NKT cells, 
which reciprocally convert ffGC-loaded B cells from tolero- 
genic to immunogenic (21,26). Furthermore, immunogenic B 
cells pulsed with peptide and ffGC generated therapeutic an- 
titumor immunity (21). The most questionable concern was 
the status of B cells during chronic virus infection. Very sur- 
prisingly, unlike DCs during chronic virus infection, B cells 
isolated from chronically infected mice were almost com- 
parable to nai've B cells in terms of their capability of /NKT 
cell activation, their reciprocal activation by /'NKT cells, and 
their activity to prime epitope-specific CD8 + T cells. There 
might be explanation for a relative intactness of B cells com- 
pared to DCs. Firstly, some viruses including LCMV were 
highly produced by adherent cells (~1%), such as dendritic 
cells and macrophages, compared with B cells (<0.01%), 
which is based on the results from the splenocytes isolated 
from carrier mice infected with LCMV Armstrong strain at 
birth (29). This situation appeared to minimize the virus in- 
fection-mediated downregulation of MHC and co-stimulatory 
molecules in B cells. Secondly, CD4 + T cells were reported 
to be essential in the maintenance of viremia control via pro- 



216 



IMMUNE NETWORK Vol. 14, No. 4: 207-218, August, 2014 



B Cell-based Therapy to Treat Chronic Virus Infection 
Min Ki Kim, et al. 



during interleukin-21 (IL-21) during persistent infection 
(30-32). Fahey et al. also previously reported that chronic vi- 
rus infection did not hamper the ability of CD4 + T cells to 
help B cells (7). LCMV-specific CD4 + T cells can be differ- 
entiated into IL-21-producing follicular helper T cells. These 
Tfh cells are essential for germinal center (GC) reaction to 
produce the high-affinity antibody secreting plasma cells as 
well as memory B cells (7). IL-21 affects directly on B cells 
to develop GC and to generate antibody production (33,34). 

However, the above reports did not examine the pheno- 
type of B cells during chronic virus infection. When we di- 
rectly compared the phenotype of B cells from naive and 
chronically infected mice, the expression levels of co-stim- 
ulatory molecules such as CD40, CD80, and CD86 as well as 
MHC class I/II molecules, indeed, were very similar between 
two different B cells (data not shown). It is probably the 
cause of no difference in B cell-based vaccine efficacy using 
different source of B cells. This observation together with our 
data suggests that B cell function as APCs probably is intact 
during chronic virus infection and thus, autologous B cells 
isolated from chronically infected host, when appropriately 
activated, could be used as a beneficial source of therapeutic 
cell-based vaccine to treat chronic virus infection. 

It was very interesting finding that PD-L1, one of the co- 
inhibitory molecule, as well as co-stimulatory molecules was 
also highly upregulated on reciprocally activated donor B 
cells in the mice given ffGC-loaded B cell vaccine, as shown 
in Fig. 1C and 2C. Since PD-1, the receptor for PD-L1, is 
highly expressed on exhausted CD8 + T cells during chronic 
virus infection (28,35,36), the interaction of PD-1 on ex- 
hausted CD8 + T cells with PD-L1 on ffGC-activated B cells 
might inhibit TCR signal transduction, cytokine production, 
and cytotoxicity. Ha et al. has reported that exhausted CD8 + 
T cells could overcome immune tolerance by blocking PD-1, 
thereby enhancing function of APCs and restoring the func- 
tion of exhausted CD8 + T cells (27). Therefore, using a com- 
bination of ffGC-loaded B cells and blocking PD-1 may syn- 
ergistically enhance CD8 + T cell responses and accelerate vi- 
ral control. 

In future, more researches have to be done to clinically 
use B cells as source of cell-based vaccine. Although ffGC 
can induce immunogenic B cells, DCs are still better inducer 
of immunogenicity than B cells. In addition, compared to 
DCs, a large number of B cells are needed for vaccination. 
There is a report showing that B cells can be expanded ex 
vivo by co-culturing with CD40 stimulator cells in the medium 



containing IL-4 (37). Therefore, to improve the efficacy of B 
cell-based vaccine, the technologies to enhance B cell im- 
munogenicity, to optimally cross-present antigens to MHC 
class I on B cells, and to multiply B cells in vitro should be 
devised. If the improvement is fulfilled, cellular vaccine strat- 
egy using B cells as APCs would offer a promising tool for 
immunotherapy against persisting pathogens. 
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